TK5048 and its derivatives, AM-132, AM-138, and AM-97, are recently developed antimitotic (AM) compounds. These 1-phenylpropenone derivatives induce cell cycle arrest at the G2/M phase of the cell cycle. TK5048 inhibited tubulin polymerization in human lung cancer PC-14 cells in a concentration-dependent manner. In a polymerization assay using bovine brain tubulin, AM-132 and AM-138 were quite strong, AM-97 was moderately strong, and TK5048 was a relatively weak inhibitor of tubulin polymerization. A murine leukemia cell line resistant to a sulfonamide antimitotic agent, E7010, which binds to colchicine-binding sites on tubulin, was cross-resistant to the in vitro growth-inhibitory effect of AM compounds. Inhibition of tubulin polymerization is therefore one of the mechanisms of action of these AM compounds against tumor cells. To profile the antitumor effect of AM compounds, the in vivo antitumor effect of AM-132 was evaluated against cytokine-secreting Lewis lung carcinoma (LLC). Tumor-bearing mice were treated with intravenous AM-132 using three different treatment schedules. LLC tumors expressing tumor necrosis factor-α α α α (TNF-α α α α), granulocyte macrophage colony-stimulating factor (GM-CSF), or interleukin (IL)-6 were very sensitive to AM-132. In particular, LLC tumors expressing IL-6 were markedly reduced by AM-132 treatment, and showed coloring of the tumor surface and unusual hemorrhagic necrosis. These results suggest a combined effect of AM-132 and cytokines on the blood supply to tumors.
The antimitotic (AM) agents are among the most widely used drugs in chemotherapy. Both vinca alkaloids and taxanes have specific binding sites on β-tubulin. 1, 2) In addition, the colchicine-binding site on β-tubulin is of increasing interest because several agents that act at this site have been developed, including the podophylotoxins. However, none of these compounds that bind to the colchicine-binding site has proved to be a potent antitumor agent in clinical use. Etoposide and its derivatives are major antitumor podophylotoxins, but their mechanism of action has been demonstrated to be the inhibition of DNA topoisomerase II.
3) E7010, developed by Eisai Co., Ltd. (Tokyo), is a colchicine-binding type AM agent for which clinical phase I trials are now underway. 4) AM compounds are 1-phenylpropenone derivatives that were developed by Kyowa Hakko Kogyo Co. (Tokyo) and these compounds show potent antitumor activity in vivo (unpublished data). Here we report the cytotoxicity profile against human cancer cells and the mechanisms of action of these agents.
Tumors often secrete cytokines, and this can influence the performance status, survival, and tumor response of a patient. [5] [6] [7] [8] [9] [10] [11] [12] Small cell lung cancers frequently secrete several growth factors and cytokines, which can cause paraneoplastic syndromes. [13] [14] [15] Some cytokines such as tumor necrosis factor (TNF)-α, and interleukin (IL)-2 have antitumor actions, but the effects are relatively weak and do not generally influence patients' survival. 16, 17) Various combinations of cytokines with antitumor effects are currently being considered for clinical use.
The purpose of this study was to clarify the mechanisms of action of the AM compounds in vivo and to examine factors that influence sensitivity to antimitotic agents in vivo. We report here that the AM compounds exert antitumor effects through the inhibition of tubulin polymerization. In a preliminary experiment, we found that the surface of a cytokine-secreting colon tumor darkened after administration of an AM compound. A similar effect may be seen in tumors treated with TNF-α. We suggest that there may be a combination effect of cytokines and AM compounds on murine lung cancer cells ectopically expressing several cytokines. streptomycin, and 10% (v/v) heat-inactivated fetal bovine serum (RPMI-FBS) at 37°C in a humidified atmosphere containing 5% CO 2 .
We also used the murine leukemia cell lines P388 and P388/4.0r-M, a subline of P388 with approximately 100-fold greater resistance to E7010, a novel antitumor agent acting on the colchicine-binding site on tubulin. P388/ 4.0r-M was established at Eisai Research Laboratory (Tsukuba). 26) This cell line does not overexpress the MDR1 gene. 27) These cell lines were cultured in RPMI-FBS containing 50 mM 2-mercaptoethanol and 1 mM sodium pyruvate. Other culture conditions were the same as those for the cell lines described above. Growth inhibition assay To determine the growth-inhibitory effects of AM compounds, we utilized the tetrazolium dye assay developed by Mosmann with some modifications. 19, 28) Briefly, 180 µl of exponentially growing cell suspensions containing 10 4 H69, H69/Txl and H69/VDS, 10 3 PC-14 and PC-14/TXT, or 10 3 P388, P388/4.0r-M and LLC/IL2, LLC/IL6, LLC/TNF, LLC/GM-CSF, LLC/IGIF, and LLC/IL12, were seeded in 96-well microtiter plates (Becton Dickinson & Co., Lincoln Park, NJ), and incubated for about 12 h, then 20 µl aliquots of drug solutions at the indicated concentrations were added. After a 72-h exposure to the drug, 20 µl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma Chemical, St. Louis, MO) solution (5 mg/ml in phosphate-buffered saline, PBS) was added to each well. The plates were incubated for a further 4 h, then centrifuged at 800g for 15 min. The medium was removed, 200 µl of dimethylsulfoxide was added to each well and the optical density of each resulting solution was measured at 562 and 630 nm using DeltaSoft II (BioMetallics Inc., Princeton, NJ) and a Bio Kinetics Reader EL 340 (Bio- Fig. 1 . Chemical structures of TK5048 and its derivatives, AM-97, AM-132 and AM-138.
Teck Instruments Inc., Winooski, NJ). Each experiment included 6 replicate wells for each drug concentration and three independent experiments were carried out. Wells containing only RPMI-FBS and MTT were used as controls. The IC 50 was defined as the drug concentration required for 50% reduction of the optical density in each test, determined by interpolation of a growth curve drawn by plotting [(mean absorbance of 6 wells containing the drug−mean absorbance of 6 control wells)/(mean absorbance of 6 drug-free wells−mean absorbance of 6 control wells)]×100 against drug concentration. The relative resistance was defined as (IC 50 of the resistant subline)/(IC 50 of the parental cell line). Flow-cytometric analysis PC-14 cells were exposed to 1 to 100 nM TK5048 or 0.1 to 10 nM of its derivatives, AM-97, AM-132, and AM-138 for 24 h. Three million cells were washed with cold PBS, collected and resuspended in cold 50% ethanol, and stored at 4°C for 6 h. After removal of ethanol, cell pellets were resuspended in 0.2 M Na 2 HPO 4 , 0.1 M citrate, pH 7.4, 25 µg/ml RNase A, and 50 mg/ml propidium iodide and subjected to flow cytometry using a FACScan flow cytometer (Becton Dickinson, SanDiego, CA). In vitro tubulin polymerization assay The effect of AM compounds on in vitro tubulin polymerization was evaluated by the turbidity method. Bovine brain tubulin protein in G-PEM (1 mM GTP, 80 mM piperazine-N,N′-bis[2-ethanesulfonic acid], 1 mM ethylene glycol-bis(α-aminoethyl ether)-N,N,N′,N-tetraacetic acid, EGTA, and 1 mM MgCl 2 , pH 6.8) containing 10% glycerol was purchased from Cytoskeleton (Santa Barbara, CA). A 100-µl aliquot of 2.5 mg/ml tubulin protein was mixed with various concentrations of each agent in a 96-well microtiter plate, and incubated for 30 min on ice. Polymerization was evaluated by measuring changes in the absorbance at 340 nm every minute for 20 min with EL-340. An aliquot without the drug was used as a control. The inhibition of tubulin polymerization was expressed as % inhibition using the formula [1−(maximum absorbance with drug)/(maximum absorbance without drug)]×100. Total and polymerized tubulin levels in the cells were determined by western blot analysis. Total and polymerized tubulin proteins were isolated by the methods of Thrower et al. and Minotti et al. 29, 30) with some modifications. PC-14 cells were exposed to 0, 1.0, 10 and 100 nM TK5048 for 24 h. 7 cells at 200g for 5 min, and resuspending the pellets in 1 ml of stabilization buffer (20 mM TrisHCl, pH 6.8, 0.14 M NaCl, 0.5% (v/v) Nonidet P-40, 1 mM MgCl 2 , 2 mM EGTA, 4 mg/ml paclitaxel), followed by incubation at 37°C for 30 min, and centrifugation at 50 000g for 15 min at 37°C using a TL-100 centrifuge (Beckman Instruments Inc., Fullerton, CA) with a TL-45 rotor. The resulting supernatants were aspirated; the pellets were resuspended in 0.3 ml depolymerization buffer and homogenized. Following these steps, lysates of both total and polymerized tubulin proteins in depolymerization buffer were treated as described below. The lysates were incubated in depolymerization buffer for 1 h on ice, and centrifuged at 50 000g for 15 min at 4°C. Each supernatant was mixed with an equal volume of Tris sodium dodecyl sulfate (SDS), 2-mercaptoethanol, Seprasol (Emprotech, Hyde Park, MA) and applied to a 10% (w/v) SDS-polyacrylamide gel (Multigel 10, Daiichi Pure Chemicals, Tokyo). After electrophoresis, blotting on a polyvinylidene fluoride membrane (Immobilon, Nihon Millipore Ltd., Tokyo) and blocking with 5% (w/v) skim milk in PBS, the membrane was incubated with a mouse anti-α-tubulin monoclonal antibody (1:500, Sigma Chemical Co.). It was washed with PBS containing 0.1% (v/v) polyoxymethylenesorbitan monolaurate (Tween 20, Sigma Chemical Co.), then biotinylated anti-mouse IgG (Vector Laboratories Inc., Burlingame, CA) was added. The membrane was incubated, and washed with PBS-Tween 20, and the protein bands were detected with ECL western blotting detecting reagents (Amersham International plc, Buckinghamshire, UK). The bands were quantified densitometrically using ImageMaster DTS (Pharmacia Biotech, Tokyo). The polymerized tubulin ratio was calculated as 1/4×(density of the polymerized tubulin band)/(density of the total tubulin band). Multiplication by 1/4 was carried out to adjust the polymerized tubulin content according to the ratio of the numbers of cells used for preparation of total and polymerized tubulin. In vivo evaluation of AM-132-induced antitumor activity and histological examination B16F10, Colon 26, LLC, LLC/IL6 and LLC/TNF cells (1×10 6 ) were subcutaneously injected into the back of mice at day 1. AM-132 was injected into the tail vein following three different schedules from day 7: schedule 1, 25 mg/kg/day from day 7 to 11; schedule 2, 50 mg/kg/day once at day 7; schedule 3, 12.5 mg/kg/day×3 days at day 7, 9, and 11. The antitumor effects were evaluated in terms of the lowest T/C and body weight of mice as described previously.
31) The inoculated tumors were thereafter frozen, and 4-µm sections were stained using hematoxylin and eosin (HE) or immunohistochemically using anti-CD31 antibody.
RESULTS

Flow cytometry
Flow cytometry was used to determine whether these AM agents induce cell cycle arrest. We exposed PC-14 cells to 1 to 100 nM TK5048, or to 0.1 to 10 nM of the derivatives, since TK5048 has an approximately 10-fold greater IC 50 value for these cells than other agents. Exposure of cells for 24 h to concentrations up to 10 nM TK5048 and 1 nM of the other compounds had no apparent effect on the cell cycle distribution (Fig. 2) . However, at the highest concentrations of these agents, cells accumulated in the G2/M phase. Among the derivative agents AM-132 induced the most marked G2/M block, while AM-97 blocked the majority of cells at G1 phase. Morphological experiments revealed mitotic arrest with chromosome condensation in the cells treated with AM compounds (data not shown). Effect of TK5048 and derivatives on tubulin polymerization in vivo and at the cellular level We investigated the effect of TK5048 on intracellular tubulin polymerization. As shown in Fig. 3A , TK5048 inhibited tubulin polymerization in a concentration-dependent manner in cultured cells. We then evaluated the effects of AM compounds on in vitro tubulin polymerization using purified bovine brain tubulin. 3B) . These results suggest that AM compounds inhibit tubulin polymerization in vivo and in vitro.
Growth-inhibitory effects of TK5048 and derivatives
The growth-inhibitory effects of these AM compounds on human carcinoma cell lines were investigated by MTT assay (Table I ). TK5048 showed a strong growth-inhibitory effect on human tumor cells. The derivatives showed even stronger activity with IC 50 values around 10 nM. Although the P-glycoprotein-mediated multidrug-resistant, docetaxel-resistant PC-14/TXT cell line was moderately resistant to AM-132 (relative resistance value: ×4.9) and AM-138 (×3.6), these cells were highly resistant to colchicine. To evaluate whether these compounds are less effective on multidrug-resistant cells, we examined the cytotoxicities of these agents against another multidrug resistant cell line, SBC-3/ADM100. This cell line showed cross-resistance to colchicine, and a lower degree of resistance to the AM compounds. To elucidate the mechanisms of action of TK5048 on typical multidrug-resistant cells, we examined their effects on cell lines resistant to other antimitotic agents. Paclitaxel-and vindesine-resistant cells were not cross-resistant to TK5048 nor its derivatives. P388/4.0r-M, a non-P-glycoprotein-mediated resistant subline which is approximately 100 times more resistant than the parent cell line to E7010, a colchicine-binding antimitotic agent, showed cross-resistance to all the AM compounds (Table I) . These results suggest that TK5048 inhibits cell growth via binding to the colchicine-binding site on tubulin.
In vivo activity of AM-132
The in vivo antitumor effect of AM-132 was evaluated against Colon 26 (human colon carcinoma), B16F10 (murine melanoma), and LLC (murine lung carcinoma) tumors. A 25 mg/kg dose of AM-132 was administered into the tail vein every 5 days (from day 1 to 5). Antitumor effects were evaluated as minimum T/C. AM-132 showed the highest antitumor activity against Colon 26 (T/C=0.14). Colon 26 cells have been reported to secrete cytokines such as IL-6 and TNF-α, suggesting that the antitumor effect of AM-132 might be related to cytokines. 32, 33) In vitro activity of AM-132 against LLC cells expressing various cytokines The in vitro growth-inhibitory activities of several antimitotic agents were evaluated by MTT assay. The IC 50 values were determined after a 72-h exposure. IC 50 values for AM-132 against LLC/IL2, LLC/ IL6, LLC/TNF, LLC/IGIF, and LLC/IL12 cells were not different from those for LLC/neo and parental LLC cells (Table IIB) . However LLC/GM-CSF cells were resistant to AM-132. These results suggest that cytokines may not modulate the antitumor activity of antimitotic agents directly. A: Colon 26 (human colon carcinoma), B16F10 (murine melanoma cells), and LLC (murine lung carcinoma) cells were inoculated subcutaneously into mice. AM-132 (25 mg/kg) was administered intravenously into the tail vein every 5 days (from day 1 to day 5). Antitumor effects were evaluated as the minimum ratio of tumor volume (T/C). AM-132 showed high antitumor activity against Colon 26 tumors (T/C = 0.14). B: Growth-inhibitory effects of AM-132 in LLC and the cytokine-gene transfectants. a) Cells were exposed to AM-132, followed by incubation for 3 days. Results are presented as means of 3 independent experiments of MTT assay. In vivo activity of AM-132 against cytokine-secreting LLC tumors The effects of AM-132 on LLC tumors expressing various cytokines were then evaluated using three different schedules (Fig. 4A) . In vivo experiments with LLC/IL6 tumors in mice showed no significant difference in the tumorigenicity and growth rate as compared with those of LLC/neo-transplanted mice. LLC/IL6 transplantation shortened survival and caused body weight loss in mice as reported previously. 22) A 25 mg/kg/day dose of AM-132 given on days 7-11 (5 days, schedule 1) reduced the size of LLC/TNF tumors 2 weeks after treatment. This treatment schedule also markedly reduced the size of LLC/IL6 tumors compared to LLC and LLC/neo cells (Fig. 4B) . Mice carrying LLC/TNF and LLC/IL6 tumors that were treated with AM-132 showed weight loss (Fig.  4C) . The enhanced tumor reduction and body weight loss by AM-132 were not observed in the mice inoculated with other cytokine-secreting tumors. Mice with LLC/IL6 tumors were dead by day 8 after the initiation of treatment.
Bolus injection of 50 mg/kg/day AM-132 (schedule 2, single injection, Fig. 4 , D and E) had no effect on mice bearing LLC/IL6, all of which died on day 1. The LLC/ TNF tumors responded to AM-132 with a marked reduction in size and disappearance of the tumor by 14 days.
The third administration schedule was designed to minimize the toxicity of AM-132 on LLC/IL6-bearing mice (schedule 3, administration on every other day, Fig. 4 , F and G). Bolus administration of 12.5 mg/kg AM-132 three times every 2 days led to marked shrinkage of LLC/IL6 tumors, but these mice had no significant loss of body weight. The in vivo activities of AM-132 are summarized in Table III. During the evaluation, darkening of the surface of some tumors was observed after AM-132 administration. Pathological analysis of these tumors by HE staining showed marked leakage of hematocytes from capillaries in the LLC/IL6 tumors in AM-132-treated mice (Fig. 5B) . Vessel staining with anti-CD31 antibody demonstrated enhanced destruction of tumor vessels in AM-132-treated LLC/IL6 tumors (Fig. 5D ).
DISCUSSION
Since colchicine is a potent antimitotic agent, colchicine analogues were expected to exert potent antimitotic effects via binding to the colchicine-binding site of tubulin. However, to date no agent that binds to the colchicine-binding site has shown clinically promising effects. E7010, which binds at this site, has been evaluated in a clinical study. 4) Other antimitotic agents, such as vinca alkaloids, 2) rhizoxin, 34) and taxanes, 1) exert strong antitumor activities and their mechanisms of action are considered to involve binding to tubulin sites other than that for colchicine. Herein, we have demonstrated that TK5048 and its derivatives have potent growth-inhibitory effects on human cancer cell lines in vitro, and that they probably exert these potent antitumor effects via the colchicine-binding site on tubulin.
Colchicine has a high affinity for P-glycoprotein, which is an efflux pump for various antitumor agents, and shows suppressed activity in multidrug-resistant phenotypes. 35) The 1-phenylpropenone derivatives effectively inhibit the growth of P-glycoprotein-mediated multidrug-resistant cell lines, such as SBC-3/ADM100.
The mechanisms of resistance to antimitotic agents include: 1) decreased drug accumulation, 2) changes in tubulin, 3) altered microtubule-associated proteins and subsequent effects on signal transduction, and 4) changes in intracellular drug metabolism.
36) The H69/Txl and H69/ VDS cell lines are, respectively, paclitaxel-and vindesineresistant, via mechanisms not mediated by either increased efflux pump activity or decreased intracellular accumulation. In these cell lines, altered tubulin status is considered to be at least one of the major causes of drug resistance. 19, 20) Even for these resistant cell lines, our novel AM compounds showed marked antitumor activity (Table  II) , suggesting that the mechanisms of action of these compounds are different from those of vindesine and paclitaxel. However, E7010-resistant cell lines showed cross-resistance to TK5048 and all of its derivatives (Table  II) , suggesting similar cytotoxic mechanisms. A previous report demonstrated marked accumulation of E7010 not only in P388 cells but also in P388/4.0r-M resistant cells, which do not overexpress P-glycoprotein. 26, 37) This suggests that altered expression of β-tubulin isotypes in the resistant cell lines may play an important role in the resistance to E7010 and our AM compounds.
AM-132 and AM-138 were the most potent inhibitors of polymerization of tubulin and in vitro cytotoxicity. These data correlated with the results of in vitro growth inhibition of P388 (r=0.965) and P388/4.0r-M (r=0.984) cells (data not shown). Thus, our AM compounds are considered to be potent colchicine binders, and this action appears to be related to the cytotoxic effect of these compounds. Antimitotic agents such as taxanes and estramustine are reported to act on tumor vessels and angiogenesis. 38, 39) Vinca alkaloids also influence the tumor vessels and change the color of the tumor surface. 40) Therefore, blood vessels are one of the possible targets for these antimitotic agents.
TNF-α secreting tumors (LLC/TNF) showed high sensitivity to AM-132 in vivo. Pathological findings showed necrosis of tumors (data not shown). It is possible that the TNF-α acts cooperatively with AM-132 on the tumor vessels.
Cytokine production by tumors may be a good predictive marker for response to an antimitotic agent. 15) We previously reported that subcutaneous transplantation of IL-6-secreting tumors (LLC/IL6) into mice caused body weight loss. 21, 22) We observed in this study that AM-132 administration enhanced the IL-6-induced body weight loss, with associated high tumor shrinkage. A dose reduction of AM-132 improved the body weight loss of mice, but retained a good T/C. These results suggest that IL-6 could be useful in combination with antimitotic agents including AM-132. , vessel; , hematocytes.
